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Executive Summary:
The end of the Cold War raised the need for the technical community to be concerned with the disposition of surplus nuclear weapon material. The United States Department of Energy has determined that surplus weapons plutonium belonging to the United States will be either burned as a mixed-oxide fuel (MOX) or incorporated into a ceramic material and then placed in a geologic repository. (US DOE ROD 2000)
The form of that ceramic material is a solid solution between four end member Appendix A). The stability and behavior of plutonium in the proposed ceramic end member materials has only begun to be understood. Our studies into the fundamental thermodynamics of actinide substitution into these phases have begun to provide a basis for technically sound solutions to the issue of a safe, secure, and environmentally acceptable waste material. Our work has found thermodynamic trends that are beginning to be illuminated which can assist in better understanding the chemistry and phase equilibria of actinide substitution into the proposed immobilization matrix.
High temperature oxide melt solution calorimetry, one of the most powerful techniques and sometimes the only technique for providing the fundamental thermodynamic data (enthalpies) needed to extend our understanding of the phase relationships, fabrication parameters, and predictability of the proposed ceramic waste form, has been used. Table 4 ), three additional papers in press or undergoing peer review (Table 4 and appendix B), at least five other papers in preparation, and over 25 invited lectures, abstracts, and / or presentations have been given at national and international scientific meetings based on work from this project.
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Research Objectives and findings
In September 2000, the U.S. and Russia reached an agreement to jointly disposition roughly 68 metric tons of weapons usable plutonium. (Agreement 2000) In Russia, 34 metric tonnes of weapons-grade plutonium will be dispositioned by burning the plutonium as mixed oxide (MOX) fuel. In the U.S., 25 metric tons of plutonium recovered from pits and clean metal will likewise be dispositioned by burning as mixed oxide (MOX) fuel and about 9 metric tonnes of plutonium stored throughout the DOE complex will be dispositioned by immobilization in a ceramic which will then be encapsulated in high-level waste (HLW) glass. In all cases, the plutonium will be made equal to or less attractive for reuse in nuclear weapons than the much larger and growing inventory of plutonium in spent nuclear fuel. This threshold of unattractiveness is commonly referred to as the "spent fuel standard." In the U.S., the final products from plutonium disposition, irradiated fuel and ceramic encapsulated HLW, will be emplaced in the Federal Waste Repository, which is assumed to be Yucca Mountain. The ceramic form selected for the disposition of plutonium is composed of a series of titanate-based phases which are generally referred to as SYNROC (short for Synthetic Rock). The particular formulation that was selected is composed of about 80 vol % pyrochlore, about 15 vol % brannerite, and about 5 vol % rutile. If impurities are present in the PuO 2 feed material, about a half a dozen other phases can also form. The most common of these are zirconolite and a silicate glass. A screening process conducted in 1995, resulted in the selection of borosilicate glasses and titanate-based ceramics (e.g. SYNROCs) as the best available options for immobilization of plutonium. In 1998, a pyrochlore-rich ceramic form was selected in preference to a boro-silicate glass form. More information about the development and selection of the ceramic formulation can be found in the Plutonium Immobilization Program's Baseline Formulation report. Although the pyrochlore-rich ceramic is the most current application for titanate-based ceramics, the concept of SYNROC has been around for some time. The idea was first proposed by Ringwood in 1978 . (Ringwood 1978 The strategy of SYNROC is to immobilize the radioactive isotopes of HLW in a mixture of minerals that all have analogs in nature that
• have survived for periods exceeding 20 million years in a wide variety of geochemical environments • have crystal chemical properties that allow them to accept a wide range of elements into their crystalline matrix • are thermodynamically stable together A wide range of minerals meet these three criteria. Titanate-rich minerals were selected by Ringwood because they not only meet the above criteria, but are based on one of the most insoluble oxides known, namely TiO 2 . A wide variety of different SYNROC formulations have been proposed for different HLW and actinide feed materials. These formulations and the processes used to make them are summarized in Table 1 . For immobilization of HLW, SYNROC-C has received the most study. Most of this SYNROC work including a pilot scale demonstration has been conducted at the Australian Nuclear Science and Technology Organization (ANSTO). For the immobilization of actinides, namely plutonium, the pyrochlore-rich ceramic has received the most study. Most of this work has been conducted in the Plutonium Immobilization Program (PIP). This is a multi-site effort including a number of DOE laboratories (ANL, LLNL, PNNL, and WSRC) and related contract work with universities (BYU and UCD) and foreign laboratories (ANSTO) For all of the minerals listed in Table 1 , it is important that the radioactive materials are effectively retained and it is important that the relative stability of the minerals are understood. In the case of SYNROC-C, the primary minerals of interest are zirconolite, hollandite, and perovskite. In the case of the pyrochlore-rich ceramic, the primary minerals of interest are pyrochlore, brannerite, and rutile.
In addition to the pyrochlore-rich ceramic, a number of other mineral phases have been proposed for the immobilization of plutonium and other actinides. These have all received some degree of recognition and study. These mineral phases include zircon (Webber 1996 and Burakov 1996) , zirconia (Degueldre 1996) , and monazite (Boatner 1988) which was originally proposed for the immobilization of HLW. More recently zirconate-based pyrochlores (Wang 1999 and Sickafus 2000) have been proposed. All of these immobilization forms have the capability to incorporate significant amounts of plutonium and neutron absorbers for criticality safety and offer high durability in geologic environments. Therefore, they are also of interest in this thermodynamic study.
In order for the radioactive constituents to be effectively retained, the constituent mineral phases in the immobilization form must be resistant to dissolution in aqueous environments. Dissolution is related at least in part to solubility, which can be determined from a knowledge of the thermodynamics of the aqueous species and solid phases. The solubility in a complex system is usually calculated with the assistance of a free energy minimization program such as EQ3/6 and the accuracy is only as good as the data that are used. Thermodynamics for most of the solid phases of interest were not available and in most cases have since been determined by this work and related work in the Plutonium Immobilization Program.
It is also valuable to understand the relative stability of the constituent phases so that processing conditions are designed in a way that the desired phases are always obtained. The relative stability of the constituent phases are given by the thermodynamics of the solid phases under the conditions of fabrication. Again, these thermodynamics were not available and have since been determined by this work and related work in the Plutonium Immobilization Program. As an example, Figure 1 shows the relevant phase equilibria in the pyrochlore-rich ceramic, the diagram was determined from quantitative EDS analyses at ANSTO (A in the legend) and by electron microprobe analyses at LLNL (L in the legend). In this representation, UO 2 , PuO 2 , and GdO 1.5 are considered as a single component and plotted on the same axis. TiO 2 is excluded from the plot since all compositions are in equilibrium with rutile and its activity is therefore fixed at unity. A considerable amount of work has been conducted in the Plutonium Immobilization Program on how the stability of the phases in Figure 1 are affected by changes in the base composition, plutonium oxide feed impurities, and processing conditions. (Ebbinghaus 2000) Ultimately, these changes are determined by the thermodynamic stability of the individual phases, which is the subject of this work. In this work, the enthalpy of formation of the end-member phases of interest has been determined. These include end-members compositions of zirconolite, pyrochlore, brannerite, hafnium titanate, perovskite, zircon, and monazite. Related heat capacity work conducted at BYU and supported by the PIP allows one to determine the remaining thermodynamic parameters for many of these end-member.
Most immediately, the thermodynamic provided by this work data will be used by the Plutonium Immobilization Program. The data is likely to be provided to DOE-RW as part of a supplemental input for the licensing application for the Federal Waste Repository. If used in their analyses, the data will be added to their thermodynamic equilibrium codes, namely EQ3/6. The data will also be used by the PIP to better understand stability of the mineral phases during sample fabrication. In this application, the thermodynamic data will be added to a suitable free energy minimization program such as the FACT program and the phase equilibria will be calculated as a function of the composition, atmosphere, and processing temperature. Ultimately, it is hoped that these data will be incorporated into the standard databases for all the commonly used free energy minimization programs, EQ3/6, FACT, Thermocalc, HSC, and MTData to name a few. Although the PIP has the most immediate use of these data, similar ceramic forms continue to be proposed and developed for which the data obtained in this work will continue to be of value.
Calorimetric Methodology
Calorimeters
High-temperature reaction calorimetry refers to the measurement of heats of chemical reactions at temperatures above 400°C. The reactions may be of direct interest (e.g., the melting of a silicate), the oxidation of a manganese oxide, the dehydration of a zeolite, or they may represent steps in a thermodynamic cycle needed to obtain the enthalpy of interest (e.g., enthalpy of solution in molten solvent to obtain the enthalpy of formation or phase transition). The latter approach, called high temperature oxide melt solution calorimetry, has been used widely (see Navrotsky 1977,1997 for reviews). The advantages of calorimetry at high temperature generally lie in rapid and reproducible reactions of refractory materials.
The solution calorimeters used are of several types, but most have several features in common. They generally measure heat flow between a sample and heat sink maintained at an essentially constant temperature; thus they are of the isoperibol type. They are generally of the twinned variety, with two sample chambers, each surrounded by a Pt-PtRh thermopile linking it to a constant temperature metallic block. The thermopiles are linked in series opposition, and the twinned design both increases productivity and, more importantly, helps minimize the deleterious effects of small drifts in furnace and/or ambient temperature. Though no radical changes in calorimeter design have been made over the past twenty years, a number of incremental improvements have accumulated to improve the signal stability, the so called baseline, to increase the sensitivity by about a factor of seven. These improvements make routine the measurement of heat effects as small as 0.5 joule, and the use of 5-15 mg samples of silicates for solution calorimetry, in contrast with the 30-50 mg samples used in the late 1970's.
Adiabatic calorimeters are used to measure the constant pressure heat capacities (C p ) of solids. The sample and sample holder (the calorimeter) are surrounded by thermal shields maintained at the same temperature as the sample. Unlike a reaction calorimeter, it is necessary that an adiabatic calorimeter cover a wide temperature range (from below 20 K to at least room temperature) in order to calculate third-law entropies from the heat capacity data using the relation ) which, when combined with absolute entropies and formation enthalpies measured using reaction calorimeters, can give the temperature dependence of the Gibbs free energy of formation for a particular material.
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The adiabatic calorimeter at BYU is only one of two or three such instruments currently operational in the U.S. This apparatus has a demonstrated temperature range from 5 K to 400 K with an accuracy within ±0.1% and a resolution better than 0.1%. Sample sizes are generally on the order of 10 g. Although the hightemperature limit of the adiabatic calorimeter is 400 K, it has clearly been shown that it is possible to extrapolate the heat capacity data to hightemperatures with reasonable accuracy for these waste ceramics. If the sample undergoes an irreversible chemical change (e.g., annealing, decomposition, dehydration, or oxidation reduction) upon dropping, the heat effect associated with that process is included in the measurement the first time the sample is dropped. An example of such an application is the study of radiation damage in zircon (Ellsworth 1994) .
Types of Experiments
Dropping the sample into a solvent is called drop-solution calorimetry. It measures the heat content of the sample plus its enthalpy of solution at the calorimetric temperature. The difference in enthalpy of drop solution of reactants and products gives the enthalpy of transformation at room temperature.
In solution calorimetry, the sample is equilibrated in the calorimeter for several hours before being stirred into the solvent and dissolved. The difference in enthalpy of solution of reactants and products yields the enthalpy of the reaction at the calorimetric temperature.
If the sample persists at calorimetric temperature, then all three types of experiments can be done. Since the enthalpy of drop solution is the sum of heat content and heat of solution, confirming this equality experimentally is a powerful indication that the calorimeter calibration factors are correct for each type of experiment, that the dissolution reactions go to completion, and that no unsuspected decomposition reactions are occurring. Table 3 contains an excerpt from Putnam et al. (Putnam 2001) which published a partial thermodynamic database for use in examining the stability, performance, and reliability of many of the proposed waste maticies for surplus weapon's plutonium. Table 4 lists the completed manuscripts that have resulted from this work. In some cases the manuscripts have not completed the peer review process. In these cases we include the full, as submitted, manuscripts in appendix B. Table 5 contains a listing of individuals at each institution that were supported by or contributed to this project. Table 4 . Publications resulting from this study.
Summary of Project Results
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Thermodynamic Quantities
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Publications
Summary of recent progress and future direction at individual institutions
Los Alamos National Laboratory, LANL
The installation and initial prove-in process for the LANL high-temperature solution calorimeter has been completed by Putnam and the instrument is ready for the study of actinide-bearing materials. Funding is being sought to examine the Pu-pyrochlore which has recently been synthesized and characterized at LLNL by Ebbinghaus. Further studies in actinide-bearing oxide materials and pyrochlore structured materials have been started with collaboration with Sickafus (Sickafus 2000). Additionally the calorimeter will be used in phase studies of actinide metal alloys.
University of California at Davis, UCD
K.B. Helean's Ph.D. thesis is progressing well, and it is expected to be completed about a year from now. In order to provide reliable data on rare-earth containing phases (pyrochlores, fluorite-based materials, phosphates, silicates) the enthalpies of solution of the rare earth oxides in our calorimetric solvents must be well known. Because of hygroscopicity, polymorphism, and somewhat slow solution kinetics, these values need to be crosschecked using several solvents and methods to assure accuracy and precision. This work is now complete and forms the basis of a number of papers to be written in the next few months. Similarly, calorimetric data for UO 2 and ThO 2 are now secure, and work on brannerites containing these elements is essentially complete. The experience gained in using the lanthanide and U and Th oxides is crucial before the Los Alamos calorimetry effort goes on to tackle oxides of Pu and other actinides. Work on cerium pyrochlore is complete and that on a nonstoichiometric U-pyrochlore is finished except for some additional electron microprobe analysis. A series of Gd 2 Zr 2 O 7 -Gd 2 Ti 2 O 7 pyrochlores have been made, as well as a mainly disordered gadolinium titanate. Calorimetry on these samples is in the final stages and the energetics are being analyzed in terms of heats of mixing and order-disorder phenomena. The disordered pyrochlores are in fact cubic zirconia (fluorite structure) phases similar to those encountered as solid electrolytes. Theresa Lee, a postdoc, is working on their energetics. Because of the possible relation between ease of disordering and radiation resistance, as stressed by Sickafus at Los Alamos and Ewing at Michigan, understanding the energetics of both ordered pyrochlores and disordered fluorites is very important. A set of rare earth titanate pyrochlores, provided by Lynn Boatner at Oak Ridge, will explore this relation further, as well as studies on Gd 2 Hf 2 O 7 in collaboration with Putnam and Sickafus at Los Alamos. Postdoc Sergey Ushakov is involved in this work.
Rare earth phosphates, REPO 4 , are potential actinide hosts and are important secondary phases in the corrosion of actinide bearing glasses and ceramics in the natural environment. Ushakov has completed a systematic study of their energetics using a set of single crystal samples provided by Boatner.
This next year will be one of completing calorimetry on pyrochlores and writing papers. What remains to be done at Davis is a systematic study relating order disorder, energetics, and radiation damage studies done elsewhere. This area, linking pyrochlore and fluorite studies, has impact both for the radiation resistance and durability of waste forms and for the use of the very similar disordered phases as solid electrolytes in oxide fuel cells and oxygen separation membranes. In both cases, fundamental thermochemical data are essential to assessing materials compatibility, degradation in use, and optimum synthesis routes. The thermodynamic data are necessary input into kinetic models of dissolution and decomposition. Without such fundamental data, commercial processes rest on uncertain ground as to the final states of the materials they produce and utilize.
Lawrence Livermore National Laboratory ,LLNL
At LLNL the focus of the work was to fabricate two Pu-bearing minerals and send them to LANL for drop solution calorimetry. Under funding provided by the PIP, a number of other non-Pu bearing phases were also prepared and sent to UCD for drop solution calorimety. The two Pu-bearing samples selected for this work are a Pu brannerite, nominally PuTi 2 O 6 , and a Pu-pyrochlore, nominally CaPuTi 2 O 7 . Ultimately the preparation of the Pu brannerite was unsuccessful. The sample was lost after the sixth heat treatment when one of the crucibles of containment melted in the furnace. The preparation of the Pu pyrochlore was marginally successful. A sample containing greater than 90 vol % pyrochlore was obtained. The balance of the material was a quantifiable amount of essentially pure PuO 2 and TiO 2 . Although suitable for drop solution calorimetry, the sample was not fabricated in time to conduct the drop solution measurements as part of this work.
